A B S T R A C T The ability of reduced nicotinamide adenine dinucleotide (NADH), generated through the activity of lactic acid dehydrogenase, to support the reduction of endogenous oxidized glutathione in intact human erythrocytes and in hemolysates was investigated. Rapid initial oxidation of endogenous reduced glutathione was effected with methyl phenylazoformate.'Freshly obtained normal erythrocytes and erythrocytes deficient in glucose-6-phosphate dehydrogenase activity were unable to regenerate reduced glutathione upon incubation with lactate. Only normal erythrocytes were capable of reducing oxidized glutathione after preincubation with glucose, inosine, or a medium which promoted the synthesis of increased amounts of intracellular NAD. This regeneration of reduced glutathione could be explained by the generation of reduced nicotinamnide adenine dinucleotide phosphate through the metabolism of accumulated phosphorylated intermediates of glycolysis. Hemolysates preparedl front both normal erythrocytes and from erythrocytes deficient in glucose-6-phosphate dehydrogenase activity were able to reduce oxidized NAD at the concentrations attained or an altered behavior of the system for the regeneration of reduced glutathione after lysis of the cell.
A B S T R A C T The ability of reduced nicotinamide adenine dinucleotide (NADH), generated through the activity of lactic acid dehydrogenase, to support the reduction of endogenous oxidized glutathione in intact human erythrocytes and in hemolysates was investigated. Rapid initial oxidation of endogenous reduced glutathione was effected with methyl phenylazoformate.'Freshly obtained normal erythrocytes and erythrocytes deficient in glucose-6-phosphate dehydrogenase activity were unable to regenerate reduced glutathione upon incubation with lactate. Only normal erythrocytes were capable of reducing oxidized glutathione after preincubation with glucose, inosine, or a medium which promoted the synthesis of increased amounts of intracellular NAD. This regeneration of reduced glutathione could be explained by the generation of reduced nicotinamnide adenine dinucleotide phosphate through the metabolism of accumulated phosphorylated intermediates of glycolysis. Hemolysates preparedl front both normal erythrocytes and from erythrocytes deficient in glucose-6-phosphate dehydrogenase activity were able to reduce oxidized glutathione in the presence of added lactate and NAD. The results obtained indicated either an inability of the intact erythrocyte to utilize the INTRODUCTION The concentration of reduced glutathione (GSH) is maintained at a fairly constant level in normal human erythrocytes. Erythrocytes deficient in glucose-6-phosphate dehydrogenase (G-6-PD) activity and, therefore, possessing only a limited capacity for the generation of NADPH, are unable to maintain GSH in the reduced form upon exposure to various oxidizing agents (1) . NADPH has been shown to serve as the hydrogen donor for the reduction of oxidized glutathione (GSSG) to GSH in crude or partially purified preparations of hemolysates, mammalian liver, and yeast (2) (3) (4) (5) (6) . Under certain conditions, some of these preparations are able to utilize NADH for the reduction of GSSG (2-4, 6). The possible role of NADH in the reduction of GSSG in intact erythrocytes has not been clearly defined, in part because of the lack of suitable means for obtaining an initial high endogenous GSSG content. Methyl phenylazoformate (azoester) 1 rapidly oxidizes the GSH of erythrocytes (7) . Intact, normal human erythrocytes can regenerate GSH after treatment with azoester when incubated with glucose which permits the generation of NADPH, but erythrocytes deficient in G-6-PD activity regenerate little if any GSH under these experimental conditions (8) . The availability of azoester has permitted an evaluation of the role of NADH in the reduction of endogenous GSSG in intact erythrocytes and in hemolysates. The present investigation has demionstrated a difference between intact erythrocytes and hemolysates in the ability to utilize a NADH generating system for the reduction of GSSG.
METHODS Preparation and incubation of erythrocyte suspensions and hemolysates
Blood samples, anticoagulated with heparin (2 mg/10 ml blood), were obtained from six normal individuals of Caucasian descent and from one Caucasian and three Negro males whose erythrocytes had been found to be deficient in G-6-PD activity. All donors were in good health and their packed erythrocyte volumes were greater than 35%. After centrifugation in the cold, we removed the plasma and buffy coat and washed the erythrocytes three times in 10-12 volumes of 0.15 M sodium chloride solution with centrifugation. Hemolysates were prepared by thrice freezing and thawing the washed, packed erythrocytes.
Suspensions of intact or hemolyzed erythrocytes were prepared in a solution containing 0.055 M sodium chloride, 0.03 M sodium phosphate, and 0.1 M glycylglycine buffer, pH 7.4, with or without added substrates. Oxidation of GSH was achieved by adding a solution of azoester to the suspensions which were kept in ice, as described previously (7), except that the azoester was dissolved directly in buffer (5 /Amoles/ml). Control mixtures were prepared in the same manner, but only buffer without azoester was added. The incubation mixtures with a total volume of 3.0-3.2 ml had the following composition: erythrocyte suspensions with packed cell volume 24 ± 4% with or with an equimolar amount of sodium carbonate and wias adjusted to pH 7 with hydrochloric acid or from purified lactic acid 4 with an equinmolar amount of sodium hydroxide. The initial pH of the incubation muixtures was between 7.15 and 7.30.
The incubation mixtures, kept in ice for about 10 min after the addition of azoester, were incubated at 37'C in air in a waterbath with occasional mixing. Aliquots of 0.2 or 0.3 ml were removed for the determination of GSH before and after incubation for 30 and 60 min.
Preparation of erythrocytes with increased concentrations of NAD Erythrocytes with increased concentrations of NAD were prepared by incubating suspensions of washed cells (packed cell volume 66-68%) with 5.8 X 10' M glucose, 9.2 X10-3 M L-glutamine, 2.3 X 10' M inorganic phosphate, 1.38 X 10-' M nicotinic acid, penicillin, 0.6 mg/ml, and streptomycin, 0.6 mg/ml, as described previously (9) . We prepared control suspensions by incubating erythrocytes in a medium in which the nicotinic acid was replaced by an equimolar amount of nicotinamide. When inosine replaced glucose, it was added in an anount equivalent to the concentration of glucose. After incubation for 8 or 16 hr, we washed the erythrocytes three times in the cold with 0.15 M sodium chloride solution with centrifugation. Incubation mixtures of these prein- (10) . The activity of G-6-PD in hemolysates was determined by the method of Kornberg and Horecker as modified by Marks (11) . The concentrations of NAD were measured by a fluorometric method with alcohol dehydrogenase in filtrates prepared after the addition of aliquots of the erythrocyte suspensions to 2 volumes of cold 7% trichloroacetic acid (9, 12) . Concentrations of hemoglobin and packed erythrocyte volumes were determined by routine hematologic methods.
RESULTS

Oxidation and regeneration of GSH in hemolysates
The addition of azoester to hemolysates resulted in a decrease in the concentration of GSH to 10-15%o of the content of control, untreated hemolysates before incubation. Incubation of azoestertreated hemolysates with lactate and NAD promoted the regeneration of GSH which attained control values within 60 min. In the absence of lactate, no regeneration of GSH occurred. The results of typical experiments are shown in Fig. 1 
Oxidation and regeneration of GSH in intact erythrocytes
Freshly prepared erythrocyte suspensions. The concentration of GSH decreased to 6-7 mg/100 ml of erythrocytes after the addition of azoester. No regeneration of GSH was observed when azoestertreated normal erythrocytes or erythrocytes deficient in G-6-PD activity were incubated with the concentration of lactate that did promote regeneration in hemolysates (Table III) . Under comparable conditions, the addition of glucose to the incubation medium promoted regeneration of GSH in normal erythrocytes but not in erythrocytes deficient in G-6-PD activity (8) .
Suspensions of preincubated erythrocytes. Since regeneration of GSH in hemolysates was dependent upon the addition of NAD, as well as on lactate, we prepared erythrocytes containing increased concentrations of NAD by incubating cells with nicotinic acid and the mediumh described above (9, 13) . Both normal erythrocytes and glucose and inorganic phosphate alone, elevated NAD concentrations were not observed. When washed, preincubated erythrocytes were treated with azoester, the concentration of GSH decreased to 3-8 mg/100 ml of erythrocytes. Upon incubation of azoester-treated preincubated erythrocytes with added lactate, a completely different pattern of regeneration of GSH was observed when normal erythrocytes were compared with erythrocytes deficient in G-6-PD activity (Fig. 2) . Normal erythrocytes were capable of reducing endogenous GSSG regardless of the concentration of NAD. Actually, more GSH was regenerated in erythrocytes preincubated with glucose alone or inosine where the concentration of NAD was not elevated (Fig. 2, left, curves 2 and 3) . GSH was regenerated to the extent of about 45% of the concentration in the control, untreated erythrocyte suspension when the NAD concentration was about 0.3 Mtmole/ml of cells. 69-82%o of the control level was attained in suspensions with NAD concentrations of about 0.1 Mumole/ml of cells. Erythrocytes deficient in G-6-PD activity were unable to regenerate GSH under the same experimental conditions. DISCUSSION These studies have demonstrated that NADH, generated through the activity of lactic acid dehydrogenase upon the conversion of lactate to pyruvate, was able to serve as the hydrogen donor for reduction of endogenous GSSG to GSH in hemolysates of normal human erythrocytes and erythrocytes deficient in G-6-PD activity. These results were consistent with previous observations on the reduction of exogenous GSSG by hemolysates of human erythrocytes when NADH was added (3, 4) . Beutler and Yeh (6) suggested that the glucose-6-phosphate-6-phosphogluconiic acid system was thermodynamically more suitable for the reduction of GSSG to GSH than was the lactate-pyruvate system. The lactate-pyruvate system, however, was capable of promoting the reduction of endogenous GSSG in hemolysates with normal and decreased levels of activity of G-6-PD.
Previous investigators have reported the inability of intact, normal human erythrocytes to utilize lactate for the regeneration of GSH (6) . Acetylphenylhydrazine, nitrite, or prolonged vigorous oxygenation of substrate-depleted erythrocytes was used to oxidize a portion of the intracellular GSH (6, 14) . After such treatment, complete regeneration of GSH was not observed even with glucose as substrate (6) . The continuous presence of oxidants and the prolonged period of incubation required for the oxidation of GSH may have led to further breakdown of GSSG or to irreversible inactivation of essential enzymes. Treatment with azoester, which has been shown to cause a rapid and stoichiometric oxidation of GSH and to permit rapid and efficient regeneration of GSH in the presence of glucose (7) was, therefore, employed in the present investigation.
Although lactate was able to support regeneration of GSH in hemolysates, no such effect was observed with intact fresh erythrocytes. Even when the intracellular content of NAD was increased in erythrocytes deficient in G-6-PD activity, no enhanced regeneration of GSH occurred with added lactate. On the other hand, GSH was regenerated in normal erythrocytes which had been preincubated with glucose, inosine, or the medium which resulted in accumulation of increased amounts of intracellular NAD. This regeneration of GSH could be adequately explained by the further metabolism of the intermediates of glycolysis which had accumulated during the period of preincubation (15, 16) . The metabolism of these phosphorylated intermediates through the normally functioning hexose monophosphate shunt pathway would lead to the generation of NADPH for the reduction of GSSG to GSH. This hypothesis would be consistent with the observation that more GSH was regenerated under conditions where intermediates were not utilized for NAD synthesis. Inosine whose metabolism has been reported to lead to the accumulation of large amounts of triose phosphate and hexose diphosphate (16, 17) also has been shown to inhibit the synthesis of NAD, presumably because of competition between nicotinic acid and hypoxanthine for the available phosphoribosylpyrophosphate (9) .
The failure of erythrocytes deficient in G-6-PD activity to regenerate GSH upon incubation with lactate is compatible with the thesis that the intact human erythrocyte cannot utilize the available NADH as the hydrogen donor for GSSG-re-ductase activity. This inability to regenerate GSH in enzyme-deficient erythrocytes under conditions where normal erythrocytes can regenerate GSH also makes it unlikely that NADH generated through the activity of glyceraldehyde-3-phosphate dehydrogenase can support GSSG-reductase activity in the intact erythrocyte (6) .
No information is available on the affinity of GSSG-reductase for NADH in the intact cell. Compartmentalization and, therefore, localized variations in subcellular concentrations of enzymes and cofactors may exist. The available concentration of NADH in the intact cell could be the ratelimiting factor in NADH-dependent GSSG reduction. The NADH-dependent reduction of GSSG achieved in lysates could also be due to differences in the ionic environment of the enzyme or to a conformational change in the enzyme with activation of previously inactive sites.
